Phytoliths produced by common bean (Phaseolus vulgaris L.), achira (Canna indica L.), and squash (Cucurbita ficifoliaBouché
Introduction
Phytoliths are structures resulting from the accumulation of oxalate, carbonate, or silica inclusions in cell walls or in entire cells from different tissues. Silica phytoliths are frequent in the plant epidermis, where both epidermal cells and specialized cells (occlusive cells, trichomes, etc.) undergo this deposition process. This mineralization is the result of the basic plant function of water absorption from the soil (Bowdery, 1998) .
Silicophytoliths are common in leaves, floral parts, wood, and bark, and vary in form and size. Phytolith morphology is species-specific. It is possible that phytoliths carry out functions of physical support, resistance, or defense (Piperno, 1988a) .
There are several factors that affect phytolith production in a given plant, among them, taxonomic (genetic) predisposition of the plant, age, climate, and soil composition. The availability of large amounts of water and the organic matter content of the soil also favor biomineralization processes, and hence the production of phytoliths (Parry & Smith, 1958) . These environmental conditions can influence phytolith production levels and, in rare cases, the pattern of phytolith deposition in the plant (Piperno, 1988b) . This is the case, for example, of Original article Natural Sciences Rev. Acad. Colomb. Cienc. Ex. Fis. Nat. 40(154):137-146, enero-marzo de 2016 leguminous plants, which always silicify the sclerenchyma tissue, regardless of whether phytolith production is high or low (Piperno, 1988b) .
The interest on phytoliths studies has been rising due to their presence in numerous plant families and to the possibility of establishing whether a given taxon produces these structures or not (Piperno, 1988b) . In this sense, Zurro (2006) mentions the presence of intracellular silica not only in angiosperms, but also in mosses, horsetails, ferns, and conifers, as well as the tendency of herbaceous plants to produce more phytoliths than woody taxa. It should be noted that most studies have centered on cereals given their socioeconomic, historic, and botanic importance (Zurro, 2006) .
Numerous studies show that silicophytolith production is widely distributed in plants, though more in certain families that in others, for example, in the Poaceae, the Arecaceae, the Cyperaceae, and the Asteraceae (Simkiss & Wilbur, 1989) . Afonso (2004) also detected phytoliths in the Lauraceae and the Boraginaceae, while Acosta, et al. (2011, 2013) described phytoliths in the Gunneraceae, and Fernández, et al. (2012) in the Ericaceae.
Since the pioneering studies of Ehrenberg (1854) and Douval-Jouve (1875), it has been known that not all plants are capable of absorbing and concentrating silica in their tissues, but in those plants that do possess this capacity, phytoliths acquire an indisputable taxonomic value (Bertoldi del Pomar, 1975). Furthermore, silicophytoliths remain in soils after plants die because of their chemical characteristics resistant to decomposition processes (Bertoldi de Pomar, 1975) . The analysis of these structures is a new approach in paleoenvironmental reconstruction, as well as in paleoclimate and paleoethnobotany, i.e., the use of flora by prehistoric human communities (Piperno, 1988a) . Pearsall (1988) , Piperno (1988a) , and Powers-Jones (1992) mention that analysis of phytoliths and silica skeletons has been applied to archeological materials and sediments for years now, with increasingly frequent published results.
The presence of silica in the soil is the consequence of processes of lixiviation of siliceous minerals (quartz, feldspar, etc.), as well as the dissolution of previously formed silica biominerals (phytoliths, diatoms, sponge spicules, among others). These processes are influenced by factors such as topography, climate, soil parent material, and moisture (Zurro, 2006) .
Phytoliths are a tool to study ancient vegetation and landscape (Piperno, 2006) , due to their specificity for certain plant taxa (Erra, et al., 2006) . Thus, phytolith analysis is currently used in paleobotany as one of the components in the reconstruction of past ecosystems as it offers a precise snapshot of the vegetation in a given moment in history (Erra, 2010 Phytolith observation is a relatively new archeological tool, and methods have recently been developed for the analysis of these silica structures in the processing of coproliths, abdominal sediments, and dental calculus. Dental calculus serves as a direct tool to study part of the food, swallowed or not, consumed by human groups thanks to the microparticles that remain trapped in the process of calculus formation once the food product enters the mouth. Furthermore, dental calculus analysis offers a way to draw closer to the specific food choices of each individual. This individual choice becomes a key route to discover cultural practices and social identity expressed in daily life (Gil, 2011 ).
The present study was conducted in the framework of the project Alimentos Prehispánicos, Alimentos Promisorios that aimed at evaluating traditional indigenous crops of Boyacá, Colombia, in terms of their botanic, agronomical, and cultural significance. The project used bibliographic and field techniques to study crops that have been consumed in Boyacá for more than 8,000 years (Morcote, 1996) .
Materials and methods

Area of study
Boyacá department, with a total area of 23,189 km 2 , is located in the center of Colombia, on the Andean Eastern Cordillera bordering Santander and Norte de Santander departments to the north, Arauca and Casanare departments (and the Venezuelan border) to the east, Meta and Cundinamarca departments to the south, and Cundinamarca and Antioquia departments to the west (Figure 1 ).
Its economy is based on agriculture, mining, steel production, commerce, and tourism. The principal crops are potato, maize, onion, wheat, beans, and sugarcane.
Plant material for the present study was collected from different municipalities where the three species are found. Ethnobotanic visits were carried out to establish the traditional uses and practices surrounding these crops based on what peasant farmers reported, as well as to observe the fields in which they were being cultivated.
Fieldwork phase
Collection of specimens and processing for herbarium. Exemplars were collected from Canna indica (Cannaceae), Cucurbita ficifolia (Cucurbitaceae), and Phaseolus vulgaris (Fabaceae) plant material, and each individual sample was placed between newspaper sheets. After pressing and drying, the material was managed according to standard herbarium procedures, and its identification confirmed by comparison with the reference collection, and consultation with experts, as well as virtual herbaria (COL, MO, and NY), web pages (The Plant List 2010; www.ipni.org; systematicplants.org), and the COL, UPTC, and FMB herbaria. Exemplars were entered into the UPTC Herbarium, and phytoliths were extracted from them. Characterization of silicophytoliths was performed following Parra & Flórez (2001) methodology (Table 1) , which is based strictly on morphological characteristics of phytoliths, thus allowing for their rapid identification and understanding. 
Laboratory phase
Phytolith extraction. Samples were taken from leaves and edible parts of the plants (fruits or rhizomes), with three replications per organ in each plant, and processed in the oven of the UPTC Herbarium. The botanical material was then washed with distilled water and allowed to air dry. Phytoliths were extracted following the protocols of Piperno (1998a) and Zucol (1999) known as the dry ashing method (Morcote, 2008) .
Rhizome, leaf, and fruit samples were ground and placed in crucibles at 500°C for three hours, after which they were allowed to cool for 12-24 hours. These carbonized samples were then placed in Falcon tubes with 10 mL of 10% HCl solution to eliminate organic matter and calcareous structures. The tubes were then placed in a hot water bath at 70°C for 20 minutes, after which they were decanted. Samples were then washed with distilled water, centrifuged at 3500 rpm for five minutes, and decanted again. They were again washed with distilled water, centrifuged at 3500 rpm for five minutes, and decanted. After this, 50% H 2 O 2 was added to the samples, they were heated in a water bath for 20 minutes, and once again centrifuged at 3500 rpm for five minutes.
The samples were decanted again, washed with distilled water, and centrifuged for five minutes at 3500 rpm. They were agitated in a vortex after adding 10 mL of 90% alcohol, and centrifuged at 3500 rpm for five minutes. This last step in the vortex was repeated a second time, after which the samples were transferred to Eppendorf tubes. A small sample was taken with a capillary tube and mounted in a circle on a slide. This slide was left on a hot plate for a few minutes to accelerate drying, and then two drops of Entelan were added to the sample which was subsequently covered with the slide cover and left like this for three days.
Results
We identified the samples analyzed. Silica was scarce in fruits and rhizomes. The samples with the highest number of silicophytoliths were leaves (Table 2) , which coincides with
Zucol & Brea findings (2005).
Diagnostic phytoliths for C. indica belong to the Globulolita morphotribe, Macula-globulolita morphogenus, according to the classification of Parra & Flórez (2001) . Following the ICP international nomenclature code they are smooth or sometimes flattened globular structures. They normally occur together in groups of two to thirty globules (rarely alone), with transparent to brownish coloring. In the center they have a circular ornamentation (Figure 2) .
Squash leaves present phytoliths in the form of solid and segmented trichomes with a wide base and a pointed end. They are classified in the Clavaelita morphotribe, Undolaclavaelita morphogenus. Both short and long phytoliths were found, some complete and some fragmented. They were abundant in the samples processed ( Figure 3 ).
We found scalloped phytoliths diagnostic of the Cucurbita genus, belonging to the Globulita morphotribe and the Verrugo-globulita morphogenus (Figure 4 ).
Elongated structures terminating in acute angle hook forms were found in leaves of common bean Phaseolus vulgaris L. The general form corresponded to a trichome with smooth edges and without ornamentation. The color ranged from brown to transparent. These phytoliths belong to the Capilusita morphotribe, Psilocapilusita morphogenus ( Figure 5 ).
Discussion
Phytoliths are produced by many plant families, and some of them are taxonomically diagnostic because they have unique morphological characteristics that arise from their genesis. There are limitations to the classification based on phytoliths, since there exist both redundancy (different plant species bearing phytoliths of similar morphology) and multiplicity (various phytolith morphologies in the same species). These limitations have led some authors to propose a non-taxonomic classification based on the form of the phytoliths themselves, with less emphasis on the form of the plants producing them, allowing a more general taxonomic classification for producer organisms at the sub-family, family, and order levels (Rovner, 1983; Piperno, 1988a) .
Until a few years ago there was no consensus on how to attain a universal systematization of phytoliths. This topic has been addressed by several authors (Zucol, 1995 (Zucol, , 1999 Bowdery, 1998) , and in year 2000 a commission was formed that announced a protocol for naming phytoliths (Madella, et al., 2002 (Madella, et al., , 2005 , in which the foundation was laid for morphotype nomenclature, but its application has had numerous problems, and it did not gain general acceptance among scientists dedicated to the study of these microremains (Era, 2010). It was necessary then, to establish classifying criteria for a phytolith systematization that may allow for a precise treatment and definition of categories (Zucol & Brea, 2005) .
Phytoliths extracted from contemporary plants are used as a reference to assign botanical referents to phytolith morphotribes, since older specimens become harder to define taxonomically (Zurro, 2006) .
The silicophytoliths found in present-day plants serve as a key to the fossil record, but not all plants produce them, and furthermore, phytoliths are not present at all stages of development, since silica is deposited gradually over the life of the plant. This means that the possibility of finding the structures in juvenile plants is low (as was confirmed in the present study in which phytoliths were scarce in younger plant material). Furthermore, the concentration of phytoliths in the plant and in the different plant parts varies according to the phenological stage (Bertoldi de Pomar, 1975; Zurro, 2006) .
Such factors have negative repercussions for the realization of archeological studies based on dental calculus, because often the leaves, in which phytoliths are mostly present, are not the part of the plant that is consumed. Hence, there are few phytoliths found in dental calculus of human remains, and its analysis yields little information on prehistoric diets (Zurro, 2006) . Consequently, for the study of paleo diet it may be more useful to analyze starch morphology in dental calculus.
The phytoliths we encountered in the fruit and leaves of squash coincided with those described by Bozarth (1987) , who points out that Cucurbita sp. fruits produce large spherical phytoliths with undulated, deeply and regularly scalloped surfaces. To obtain these structures it was necessary to extract a piece of mature fruit skin, since the phytoliths are located in the pericarp, as noted by Holst & Piperno (1998) . It is not probable that these phytoliths are produced in other parts of the plant. Furthermore, Parry & Smith (1958) noted that the highest production of silicophytoliths occurs at the end of the plant's life cycle. No phytoliths were found in roots or rhizomes of the three plants studied due to the low or nonexistent accumulation of silica in these parts (Chandler, et al., 2006) , which confirms the tendency of plants to deposit silica in aerial parts for support purposes.
It can be that cell silicification in Cucurbita ficifolia fruits is a defensive response against herbivory. Phytoliths can constitute an imposing physical defense, especially if they are concentrated in external plant tissues. Silica is one of the few substances that are hard enough to grind and wear down tooth enamel, and in plants containing large quantities, it can also cause kidney damage and other urinary problems in primarily herbivorous animals (Piperno, et al., 2000) . A plant may benefit from defending its fruit from consumption by microherbivores (pests), while at the same time allowing consumption by birds and macroherbivores, which would help the plant to disperse its seeds.
According to some other studies, and seemingly confirmed by the present study, phytoliths differ in size between domesticated and wild species of the Cucurbita genus. The absence of large, solid phytoliths in many varieties of domesticated Cucurbita appears to be related to changes in the structure of the fruit epidermis, and the production of phytoliths in the pericarp zone becomes less differentiated or is lost entirely in these domesticated individuals (Holst & Piperno, 1998) . These changes can result from the loss of herbivory pressure; Johns (1990) makes the analogy that the reduction of a physical defense in the process of squash domestication is similar to the reduction of the toxic chemical substances produced by other plant species when they are domesticated.
According to Piperno, et al. (2000) , Cucurbita ficifolia has larger phytoliths than other known squash species. The explanation they offer is that cell size increases drastically under domestication, and that, therefore, phytoliths have more space to occupy in the plant tissue and thus increase considerably in size.
The same phytolith morphology may be produced by numerous species. This redundancy confirms the diagnostic shortcomings of phytoliths. In the present study there were similar phytoliths (in trichome form) in P. vulgaris and C. ficifolia, while C. indica presented distinctive globular phytoliths. When such similarities in form are found in the same botanical family, this permits the identification of a given morphogenus as emblematic of a certain family. But if similar phytoliths are found in species of different families, it is problematic to identify phytoliths with the plant generating them because of redundancy (Rovner, 1971 The present study found that the plant part containing the highest number of phytoliths among the species studied were the leaves. Studies such as that of Ricci, et al. (2015) show that the concentration of silicophytoliths in plant structures is affected by factors such as the taxon under study. In this sense, phytolith production is abundant in monocots but variable among different dicot families.
This work contributes valuable information to the study of food crops used by pre-Hispanic cultures in Boyacá. To wit, phytolith analysis is not a promising indicator of paleo diet in the study of dental calculus because the consumed portion of most crop plants is not the phytolith-rich leaf, but rather the fruit or subterranean parts, which produce few or no phytoliths. Starch analysis might be a more robust diagnostic tool for the study of paleo diet by means of dental calculus.
